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Acute loss of renal function reduces leukocyte recruitment
into inflamed tissues, and we studied the molecular basis of
this using intravital microscopy of cremaster muscle and an
autoperfused flow chamber system after bilateral
nephrectomy or sham operation in mice. Acute loss of renal
function resulted in cessation of selectin-induced slow
leukocyte rolling on E-selectin/intercellular adhesion
molecule 1 (ICAM-1) and P-selectin/ICAM-1. It also reduced
in vivo neutrophil extravasation (assessed by reflected light
oblique transillumination) without affecting chemokine-
induced arrest. This elimination of selectin-mediated slow
leukocyte rolling was associated with a reduced
phosphorylation of spleen tyrosine kinase, Akt,
phospholipase C-c2, and p38 MAPK. However, the levels of
adhesion molecules located on the neutrophil surface were
not altered. Leukocytes from critically ill patients with sepsis-
induced acute kidney injury showed a significantly higher
rolling velocity on E-selectin/ICAM-1- and P-selectin/ICAM-1-
coated surfaces compared with patients with sepsis alone or
healthy volunteers. Thus, an acute loss of renal function
significantly impairs neutrophil rolling and transmigration,
both in vivo and in vitro. These effects are due, in part, to
decreased phosphorylation of selectin-dependent
intracellular signaling pathways.
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Acute kidney injury (AKI) is a common problem in critically
ill patients and increases morbidity and mortality.1–5 Sepsis is
the leading cause of AKI in critically ill patients.3 Patients
with sepsis-induced AKI require renal replacement therapy
more often and also have a higher adjusted risk for both
short- and long-term mortality.2
We have previously shown that acute loss of renal function
(ALRF) attenuates the severity of aseptic acute lung injury by
inhibiting neutrophil recruitment into the inflamed lung.6
Chronic loss of renal function caused by chronic kidney
disease alters neutrophil and lymphocyte function, and leads
to induction of apoptosis.7–10
Although impaired neutrophil recruitment during AKI
appears to be beneficial in the setting of aseptic lung injury,
these findings certainly raise concerns for the combined
occurrence of AKI and bacterial infections. These concerns
are further substantiated by clinical observations. For
example, patients with AKI more frequently demonstrate
bacteremia and poor outcome in the setting of peritonitis,
hematologic malignancies, and after cardiac surgery than
patients without AKI.11–14 The underlying mechanisms for
these observations also remain unclear.
The classical leukocyte recruitment cascade comprises
‘capturing’ (‘tethering’), rolling, slow rolling, arrest, post-
adhesion strengthening, crawling, and transmigration.15
‘Capturing’ is the first contact between neutrophils and the
endothelium of postcapillary venules and is mediated by
selectins and their main counter-receptor, P-selectin glyco-
protein ligand-1 (PSGL-1), on neutrophils. During this initial
step, selectins and chemokines presented on the inflamed
endothelium activate signaling pathways in neutrophils that
regulate integrin adhesiveness. Binding of activated integrins
to their counter-receptor leads, depending on the conforma-
tional state of the integrin, either to a reduction of the rolling
velocity or arrest. PSGL-1 engagement induces the active,
extended conformation of the b2-integrin lymphocyte
function-associated antigen-1 (LFA-1), leading to the transi-
tion from rolling to slow rolling.16 PSGL-1 engagement by
E-selectin induces the phosphorylation of the Src kinase Fgr
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and the immunoreceptor tyrosine-based activation motif-
containing adaptor proteins DAP12 and FcRg, which
subsequently associate with spleen tyrosine kinase (Syk).17
The Tec family kinase Bruton tyrosine kinase is downstream
of Syk and regulates two pathways.18,19 One is phospholipase
C (PLC)-g2 and the other phosphoinositide 3-kinase-g
dependent.19 p38 MAPK is located in the PLC-g2-dependent
signaling pathway.19 Following selectin engagement, p38
MAPK is phosphorylated, and blocking of p38 MAPK by a
pharmacological inhibitor increases the rolling velocity on
E-selectin/intercellular adhesion molecule 1 (ICAM-1)
compared with the control group.16,20
During the interaction of leukocytes with inflamed
endothelium, leukocytes are exposed to chemokines that
bind to and activate chemokine receptors on neutrophils.21
The activation of these G-protein-coupled receptors leads to
the activation of the PLC-b2 and PLC-b3.
22,23 PLC isoforms
hydrolyze phosphatidylinositol 4,5-biphosphate to produce
inositol triphosphate and diacylglycerol, which mobilize
Ca2þ from non-mitochondrial stores and induce down-
stream signaling.24 Chemokines fully activate integrins,
which subsequently bind to their counter–receptors on
endothelial cells and mediate adhesion.15
The last step in the recruitment cascade is the transmigra-
tion, when leukocytes leave the intravascular compartment
and enter the tissue. Leukocyte transendothelial cell migra-
tion can occur either directly through individual endothelial
cells (transcellular route) or between endothelial junctions
(paracellular route). Several endothelial membrane proteins,
most of them located at endothelial cell contacts, have been
shown to be involved in leukocyte diapedesis.25
The present study was designed to investigate the effect of
ALRF on the different steps of the leukocyte recruitment
cascade during local or systemic inflammation. Using ex vivo
flow chamber assays, in vivo inflammation experiments, and
in vitro phosphorylation assays, we demonstrate that ALRF
inhibits selectin-mediated slow leukocyte rolling by reducing
phosphorylation of Syk, Akt, PLC-g2, and p38 MAPK and
transmigration.
RESULTS
ALRF leads to inhibition of P-selectin-mediated neutrophil
activation in vivo
To investigate the effect of ALRF on neutrophil recruitment
in vivo, we performed intravital microscopy of the cremaster
muscle in mice 10 h after bilateral nephrectomy or sham-
operated control animals. Neutrophil rolling was assessed as
leukocyte rolling flux fraction, which is defined as the
number of rolling leukocytes divided by the total number of
leukocytes passing through the same vessel.26 During the first
hour after exteriorization of the cremaster muscle, rolling
flux fraction was not different between sham mice and mice
with ALRF (Figure 1a). Neutrophil rolling during that time
was almost exclusively P-selectin dependent, because it
was completely blocked by the anti-P-selectin monoclonal
antibody RB40.34 (data not shown). However, the
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Figure 1 |Acute loss of renal function (ALRF) leads to
inhibition of P-selectin-mediated leukocyte activation in vivo.
ALRF in mice was induced by bilateral nephrectomy 10 h before
intravital microscopy. (a) Leukocyte rolling flux fraction in
untreated cremaster venules of mice with ALRF and sham-
operated control mice (n¼ 5). (b) Neutrophil rolling velocities in
venules of mice with ALRF and sham-operated control mice. Data
represent cumulative histograms of neutrophil rolling velocities
measured after exteriorization of the cremaster muscle. The
average rolling velocities (in mm/s) were calculated and are
presented as means±s.e.m. (4100 neutrophils from 5 mice).
(c) Numbers of adherent cells/mm2 in murine cremaster muscle
venules. The cremaster muscle was exteriorized 10 h after bilateral
nephrectomy or sham operation (n¼ 5). #Po0.05.
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rolling velocity of neutrophils from mice with ALRF was
significantly elevated compared with control neutrophils (Figure
1b). The number of adherent cells in mice with ALRF was
significantly reduced compared with sham mice (Figure 1c).
Hemodynamic parameters for both groups are presented in
Table 1 and show no significant differences in white blood cell
count, vessel diameter, blood flow velocity, and shear rate.
ALRF does not affect chemokine-induced arrest of
neutrophils in vivo
To unveil the influence of ALRF on chemokine-induced
arrest, mice were injected with chemokine (C-X-C motif)
ligand 1 and the number of adherent cells was determined.
Injection of the recombinant murine chemokine (C-X-C
motif) ligand 1, which binds to and activates chemokine
(C-X-C motif) ligand 2, induced immediate firm arrest in
sham mice (Figure 2). Mice with ALRF showed the same
number of adherent neutrophils under baseline conditions
and the same increase of adherent cells after chemokine (C-
X-C motif) ligand 1 injection compared with sham mice
(Figure 2). Wall shear rates and diameters were similar in the
investigated venules, excluding a hemodynamic contribution
to reduced neutrophil adhesion (data not shown).
ALRF alters the immune response during lipopolysaccharid
(LPS)-induced inflammation
Neutrophil recruitment is a hallmark feature of the innate
immune response. In order to induce inflammation, LPS was
injected intrascrotally 4 h before intravital microscopy. Mice
with ALRF displayed an increased rolling flux fraction
(Figure 3a), elevated neutrophil rolling velocity (Figure 3b),
and reduced number of intravascular adherent cells com-
pared with sham-operated animals (Figure 3c). As in this
model neutrophil rolling is P- and E-selectin mediated (data
not shown), we blocked P-selectin by a monoclonal antibody
to isolate E-selectin-mediated neutrophil rolling. The rolling
velocity of neutrophils from mice with ALRF on E-selectin in
vivo was significantly elevated compared with control
neutrophils (Figure 3d). These data suggest that ALRF alters
the immune response during LPS-induced inflammation.
To exclude differences in the expression levels of adhesion
molecules on endothelial cells from sham mice and ALRF
mice, we analyzed the surface expression of ICAM-1,
P-selectin, and E-selectin on endothelial cells of the cremaster
muscle by flow cytometry. Endothelial cells from sham mice
and ALRF mice expressed similar levels of adhesion
molecules (ICAM-1, P-selectin, and E-selectin) after LPS
stimulation (Supplementary Figure S1 online).
Hemodynamic parameters for both groups are presented in
Table 1 and show no significant differences in white blood cell
count, vessel diameter, blood flow velocity, and shear rate.
ALRF reduces neutrophil transmigration in vivo
The reflected light oblique transillumination microscopy
technique was used to assess neutrophil extravasation after
LPS application using intravital microscopy. At 10 h after
bilateral nephrectomy, mice showed a significantly reduced
number of transmigrated neutrophils into the tissue after LPS
stimulation (Figure 4a). Representative reflected light oblique
transillumination microscopic images of sham mice and mice
with ALRF 4 h after LPS application are shown in Figure 4b
and c, respectively. By using whole-mount confocal im-
munofluorescence staining of the LPS-stimulated cremaster
muscle, we were able to show that almost all intravascular
and extravascular cells were CD45þ and that over 90% of
these leukocytes within LPS-pretreated venules were neu-
trophils (Figure 4d). As chemokine-induced arrest was not
affected by ALRF, these data suggest that ALRF affects
selectin-mediated neutrophil rolling as well as neutrophil
transmigration.
ALRF completely abolishes selectin-mediated slow rolling
To further investigate the effect of ALRF on selectin-mediated
slow neutrophil rolling on defined substrates, we performed
autoperfused flow chamber assays. The advantage of this
system is that neutrophils can be investigated in whole
blood. This is important, because isolated neutrophils
express increased levels of macrophage antigen 1 and show
a decreased ability to roll, especially under high shear
stress.27–29
Table 1 | Hemodynamic parameters
Venules
WBC
( 106 cells/ml)
Diameter
(lm)
Blood
velocity
(lm/s)
Wall shear
rate
(1000/s)
Trauma
Sham 57 3.6±0.8 27±4 3.0±0.3 1.8±0.1
ALRF 55 3.9±0.9 26±4 2.9±0.2 1.8±0.2
LPS
Sham 34 2.5±0.2 32±1 2.5±0.1 1.4±0.1
ALRF 35 3.2±0.4 30±1 2.5±0.1 1.5±0.1
Abbreviations: ALRF, acute loss of renal function; LPS, lipopolysaccharid; WBC, white
blood cell.
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Figure 2 |Acute loss of renal function (ALRF) does not affect
chemokine-induced arrest of leukocytes in vivo. Chemokine-
induced arrest of intravascular neutrophils in mice with ALRF and
control mice was investigated after intravenous injection of
600 ng chemokine (C-X-C motif) ligand 1 (CXCL1) by intravital
microscopy of the cremaster muscle. The data were recorded and
analyzed over the time period of 1min, starting 15 s after the
intravascular administration of CXCL1 (n¼ 5). Data presented as
means±s.e.m.
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Flow chambers were coated with either a selectin alone
(E- or P-selectin) or a selectin in combination with ICAM-1.
The flow chambers were perfused with blood from mice 10 h
after nephrectomy or sham operation, and the rolling velocity
was determined. The rolling velocities of neutrophils
from sham-operated mice rolling on P-selectin/ICAM-1
(Figure 5a) or E-selectin/ICAM-1 (Figure 5b) were signifi-
cantly reduced compared with the rolling velocities on
E-selectin (Figure 5a) alone or P-selectin (Figure 5b) alone,
respectively. Neutrophils from mice with ALRF showed
similar rolling velocities on P-selectin (Figure 5a) and
E-selectin (Figure 5b) as control neutrophils, but failed
to reduce their rolling velocities on P-selectin/ICAM-1
(Figure 5a) and E-selectin/ICAM-1 (Figure 5b).
ALRF causes altered intracellular signaling and reduces
transmigration in vitro
To exclude that altered expression levels of adhesion
molecules were responsible for the abolished slow neutrophil
rolling, we measured the expression levels of adhesion
molecules on neutrophils by using flow cytometry. There
were no differences of the expression levels of PSGL-1, LFA-1,
and macrophage antigen 1 on the surface of neutrophils from
mice with ALRF and control mice (Figure 6a and
Supplementary Figure S2A online).
To investigate whether the reduced number of transmi-
grated cells seen in vivo was a consequence of reduced
adhesion or diminished transmigration, we performed an in
vitro transmigration assay using a transwell systems with
interleukin-1b-stimulated bEnd.5 endothelial cells. Incuba-
tion of endothelial cells with plasma from mice with ALRF
did not influence the transmigration of control neutrophils
(Figure 6b). However, the number of transmigrated neu-
trophils from mice with ALRF through endothelial cells
pretreated with plasma from control mice or mice with ALRF
was significantly reduced (Figure 6b), suggesting that ALRF
reduces transmigration by affecting neutrophils, but not
endothelial cells.
Selectin engagement leads to activation of an immunor-
eceptor tyrosine-based activation motif-dependent path-
way, which in turn activates Syk.17–20 The signaling pathway
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Figure 3 |Acute loss of renal function (ALRF) alters the
immune response during lipopolysaccharid (LPS)-induced
inflammation. At 6 h after bilateral nephrectomy or sham
operation, LPS was injected intrascrotally to induce inflammation.
Intravital microscopy was performed 4 h after LPS injection. (a)
Leukocyte rolling flux fraction in inflamed cremaster venules 4 h
after LPS injection (n¼ 5). (b) Neutrophil rolling velocities in
inflamed venules of mice with ALRF and control mice. Data
represent cumulative histograms of neutrophil rolling velocities
measured 4 h after LPS injection. The average rolling velocities (in
mm/s) were calculated and are presented as means±s.e.m. (4100
neutrophils from 5 mice). (c) Numbers of adherent cells/mm2 in
inflamed cremaster venules of mice with ALRF or control mice 4 h
after LPS injection (n¼ 5). (d) After administration of a blocking
antibody against P-selectin, the rolling velocity of neutrophils
from mice with ALRF and sham-operated control mice was
determined. Data represent cumulative histograms of neutrophil
rolling velocities measured 4 h after LPS injection. The average
rolling velocities (in mm/s) were calculated and are presented as
means±s.e.m. (4100 neutrophils from 5 mice). #Po0.05.
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downstream of Syk divides into a PLC-g2- and phosphoi-
nositide 3-kinase-g-dependent pathway.19 p38 MAPK is
located downstream of PLC-g2.19 To reveal the molecular
mechanism of the abolished selectin-mediated slow neutro-
phil rolling in neutrophils from mice with ALRF, we
investigated the phosphorylation of Syk, Akt (as a readout
for phosphoinositide 3-kinase activation), PLC-g2, and p38
MAP kinase. Phosphorylation of Syk (Figure 6c, Supplementary
Figure S3A online), Akt (Figure 6c, Supplementary Figure
S3B online), PLC-g2 (Figure 6c, Supplementary
Figure S3C), and p38 (Figure 6c, Supplementary Figure
S3D online) could be detected in control neutrophils after
E-selectin stimulation, whereas phosphorylation of these
molecules was reduced in E-selectin-stimulated neutrophils
isolated from mice with ALRF (Figure 6c, Supplementary
Figure S3A–D online). This data suggest that ALRF inhibits
selectin-mediated integrin activation by interfering with
intracellular signaling pathways.
Selectin-mediated slow leukocyte rolling is abrogated in
patients with sepsis-induced AKI
To investigate the effect of ALRF on selectin-mediated slow
neutrophil rolling, we conducted a prospective observational
study in critically ill patients suffering from either
sepsis alone or sepsis in combination with AKI. A total of
15 patients (5 with sepsis, 5 with sepsis-induced AKI, and
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Figure 4 |Acute loss of renal function (ALRF) reduces
neutrophil transmigration in vivo. Intravital microscopy was
performed 10 h after bilateral nephrectomy or sham operation.
(a) Number of extravasated neutrophils in cremaster venules of
LPS-treated mice with ALRF or control mice per 1.5 104 mm2
tissue area. The measurements were performed 4 h after
intrascrotal LPS injection (n¼ 5). #Po0.05. (b and c)
Representative reflected light oblique transillumination
microscopic pictures of cremaster muscle postcapillary venules of
control mice (b) or mice with ALRF 4 h after LPS injection (c).
Demarcations on each side of the venule determine the areas in
which extravasated neutrophils were counted. (d) Mice received
LPS intrascrotally 6 h after bilateral nephrectomy or sham
operation. At 4 h after LPS application, mice were killed, the
cremaster was removed, fixed, stained with PECAM1, MRP14, and
CD45 antibodies, and analyzed on a confocal microscope. The
numbers of neutrophils (MRP14þCD45þ ) in the population of
intravascular and extravascular leukocytes were counted and
expressed as the percentage of MRP14þCD45þ cells within the
CD45þ population (n¼ 3). extravas, extravascular; intravas,
intravascular; LPS, lipopolysaccharid.
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Figure 5 |Acute loss of renal function (ALRF) completely
abolishes selectin-mediated slow rolling. (a and b) The carotid
artery of control mice and mice with ALRF were cannulated with a
catheter, which was connected to autoperfused flow chambers.
(a) Average rolling velocity of neutrophils on P-selectin (left) and
P-selectin/ICAM-1 (right) is presented as mean±s.e.m. (n¼ 6–10).
(b) Average rolling velocity of neutrophils on E-selectin (left) and
E-selectin/ICAM-1 (right) is presented as mean±s.e.m. (n¼ 6–10).
The wall shear stress in all flow chamber experiments was
5–6 dynes/cm2. #Po0.05. ICAM-1, intercellular adhesion molecule
1.
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5 healthy volunteers) were included in this study and
analyzed. There were no significant differences regarding
demographic data, APACHE II score (Acute Physiology And
Chronic Health Evaluation II score), SAPS score (Simplified
Acute Physiology Score), and SOFA (Sequential Organ
Failure Assessment score) score between the sepsis and
the sepsis-induced AKI group (Table 2). At the time of
enrolment, no patient received renal replacement therapy; all
patients with sepsis-induced AKI were classified as RIFLE-F
(Risk of renal failure, Injury to kidney, Failure of kidney
function, Loss of kidney function and End-stage renal failure
classification, Failure stage). Similar to our findings in mice,
expression levels of the adhesion molecules PSGL-1, LFA-1,
and L-selectin were similar among the different groups (Figure
7a and Supplementary Figure S2B online). To investigate the
rolling velocity of neutrophils from critically ill patients with
and without AKI, we used a recently published flow chamber
system.16 Neutrophils from healthy volunteers (control
patients) and patients suffering from sepsis showed a
significantly reduced rolling velocity on P-selectin/ICAM-1
(Figure 7b) and E-selectin/ICAM-1 (Figure 7c) compared
with P-selectin alone (Figure 7b) and E-selectin (Figure 7c)
alone, respectively. However, neutrophils from patients with
sepsis-induced AKI showed completely abolished selectin-
mediated slow rolling on P-selectin/ICAM-1 (Figure 7b) and
E-selectin/ICAM-1 (Figure 7c), suggesting that AKI interferes
with intracellular signaling pathways in neutrophils.
To confirm our data in vitro and extend our findings to
monocytes, we isolated neutrophils and monocytes, incu-
bated the cells with plasma from different patients (control,
sepsis, and AKI), and determined the rolling velocity.
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Figure 6 |Acute loss of renal function (ALRF) causes altered intracellular signaling and reduces transmigration in vitro. (a) Murine
neutrophils were isolated from whole-blood samples obtained from mice with ALRF and sham-operated control mice, and FACS analysis
was performed to quantify the surface expression of P-selectin glycoprotein ligand-1 (PSGL-1), lymphocyte function-associated antigen-1
(LFA-1), and macrophage antigen 1 (Mac-1) (n¼ 3). (b) Isolated neutrophils from mice with ALRF and sham-operated control mice were
allowed to transmigrate through bEnd.5 endothelial cells (EC) grown to confluence on a transwell filter in vitro. The endothelial cell layer
was pretreated with plasma obtained from mice with ALRF or from sham-operated control mice, and the number of transmigrated
neutrophils (polymorphonuclear cells, PMN) was determined (n¼ 3). #Po0.05. (c) Bone marrow-derived neutrophils were plated on
uncoated (unstimulated) or E-selectin-coated wells for 10min, and then lysates were prepared. Lysates were immunoprecipitated (IP) with
anti-spleen tyrosine kinase (Syk), followed by immunoblotting (IB) with a general phosphotyrosine (PY, 4G10) antibody. Lysates were
immunoblotted with antibody to phosphorylated phospholipase C (PLC)-g2 (phospho-PLC-g2 (Tyr1217)), total PLC-g2 (n¼ 3),
phosphorylated Akt (phospho-Akt; n¼ 3), total Akt (n¼ 3), phosphorylated p38 MAPK (phospho-p38), or total p38 (n¼ 3).
Table 2 | Demographic data of patients
Sepsis Sepsis+ALRF P-value
Age (years) 43±8.9 61.2±7.4 NS
Weight (kg) 78.8±7.1 88±4.5 NS
Serum creatinine level (mg/dl) 0.9±0.1 2.5±0.45 0.009
Serum urea nitrogen level (mg/dl) 25.6±5.2 63.6±10.8 0.013
Diuresis (ml/24 h) 2136±540 1184±374 NS
APACHE II score 36±3.4 33±4.3 NS
SAPS score 45.5±9.6 57.25±8.2 NS
SOFA score 7.4±1.4 9.8±1.4 NS
Abbreviations: ALRF, acute loss of renal function; APACHE II score, Acute Physiology
And Chronic Health Evaluation II score; NS, nonsignificant; SAPS score, Simplified
Acute Physiology Score; SOFA score, Sequential Organ Failure Assessment score.
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Incubating isolated neutrophils in plasma from patients with
sepsis-induced AKI abolished slow leukocyte rolling on
E-selectin/ICAM-1 and P-selectin/ICAM-1 (Figure 7d–e).
Likewise, incubating isolated monocytes in plasma from
patients with sepsis-induced AKI abolished slow leukocyte
rolling on E-selectin/vascular cell adhesion molecule 1
(VCAM-1) and P-selectin/VCAM-1 (Figure 7f and g).
DISCUSSION
AKI in critically ill patient remains a great clinical challenge,
in particular in patients with sepsis-induced AKI. AKI
increases both morbidity and in-hospital mortality.2,3 The
mechanisms by which AKI exerts its detrimental effects
remain unknown. However, current belief holds that the
negative effects of AKI extend beyond fluid overload and
electrolyte abnormalities. Using a translational approach, we
here show that ALRF inhibits neutrophil recruitment by
abolishing selectin-induced slow rolling and decreasing
transendothelial migration. These effects appear to be
mediated by altered intracellular signaling rather than by
changes in surface molecule expression.
We have previously shown that ALRF impairs recruitment
of neutrophils into the inflamed lung and thereby attenuates
aseptic, inflammatory lung injury.6 These effects seem to rest
largely with neutrophils, as only neutrophils isolated from
mice with ALRF but not normal neutrophils in plasma from
mice with ALRF demonstrated impaired pulmonary recruit-
ment. So far, most studies addressing the effects of ALRF on
neutrophil function have been in the context of chronic
kidney disease.30,31 These studies have identified several
defects in neutrophils during chronic kidney disease,
including decreased superoxide production and phagocyto-
sis, as well as enhanced apoptosis. Contrary, ALRF does not
seem to affect superoxide production and apoptosis.6
To further study the underlying mechanisms, we first used
intravital microscopy of the mouse cremaster muscle. We
studied neutrophil recruitment in normal mice, mice
pretreated with LPS, mice with ALRF, and mice with ALRF
pretreated with LPS.
ALRF had no effect on microvasculatory hemodynamics.
However, ALRF significantly increased neutrophil rolling
velocity and reduced the number of adherent cells, but did
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Figure 7 | Selectin-mediated slow leukocyte rolling is abrogated in patients with sepsis-induced acute kidney injury (AKI). (a) Human
neutrophils were isolated from whole-blood samples obtained from patients presenting with sepsis or sepsis-induced AKI and healthy
volunteers. FACS analysis was performed to quantify the surface expression of P-selectin glycoprotein ligand-1 (PSGL-1), lymphocyte
function-associated antigen-1 (LFA-1), and L-selectin on neutrophils (n¼ 3–5). (b and c) The rolling velocity of neutrophils in whole-blood
samples from the three groups (healthy volunteers, sepsis, and sepsis-induced AKI) was measured using microflow chambers coated with
E-selectin or P-selectin alone and in combination with intercellular adhesion molecule 1 (ICAM-1). (b) Average rolling velocity of neutrophils
on P-selectin (left) and P-selectin/ICAM-1 (right) is presented as mean±s.e.m. (n¼ 5). (c) Average rolling velocity of neutrophils on E-selectin
(left) and E-selectin/ICAM-1 (right) is presented as mean±s.e.m. (n¼ 5). (d and e) Human neutrophils were isolated from whole-blood
samples obtained from healthy volunteers and preincubated with control serum and serum obtained from patients with sepsis or sepsis-
induced AKI for 30min. The rolling velocity of neutrophils was measured using microflow chambers coated with E-selectin or P-selectin
alone and in combination with ICAM-1. (d) Average rolling velocity of neutrophils on P-selectin and P-selectin/ICAM-1 is presented as
mean±s.e.m. (n¼ 3). (e) Average rolling velocity of neutrophils on E-selectin and E-selectin/ICAM-1 is presented as mean±s.e.m. (n¼ 3).
(f and g) Human monocytes were isolated from whole-blood samples obtained from healthy volunteers and preincubated with control
serum and serum obtained from patients with sepsis or sepsis-induced AKI for 30min. The rolling velocity of monocytes was measured
using microflow chambers coated with P-selectin (f) or E-selectin (g) alone and in combination with vascular cell adhesion molecule 1
(VCAM-1). (f) Average rolling velocity of monocytes on P-selectin and P-selectin/VCAM-1 is presented as mean±s.e.m. (n¼ 3). (g) Average
rolling velocity of monocytes on E-selectin and E-selectin/VCAM-1 is presented as mean±s.e.m. (n¼ 3). The wall shear stress in all flow
chamber experiments was 5–6 dynes/cm2. #Po0.05. cont.; control.
Kidney International (2011) 80, 493–503 499
J Rossaint et al.: Acute loss of renal function abolishes leukocyte recruitment o r ig ina l a r t i c l e
not affect chemokine-induced arrest. In the setting of LPS-
induced tissue inflammation, ALRF exerted similar effects.
The neutrophil rolling velocity was significantly higher,
whereas the number of adhering cells was significantly lower.
Using both in vivo and in vitro transmigration assays, we
found that ALRF also impairs transendothelial migration of
neutrophils. Similar to our previous studies,6 this effect
seemed to rest with neutrophils isolated from mice with ALRF
rather than with plasma obtained from mice with ALRF. Only
neutrophils from mice with ALRF but not normal neutrophils
displayed impaired transmigration across inflamed endothe-
lial cells. Furthermore, we showed that incubating endothelial
cells with plasma from mice with ALRF did not affect the
transmigration of normal neutrophils.
At first sight, our previous and current results appear to
contradict other studies describing increased neutrophil
recruitment into remote organs during AKI.6,32–34 These
studies have largely investigated the effects of AKI on remote
healthy organs and cannot explain the increased incidence of
bacterial infection and/or bacteremia in patients with AKI. By
contrast, our studies exclusively describe neutrophil recruit-
ment into inflamed organs. Here, the cremaster muscle
undergoes inflammatory changes either as a result of tissue
preparation (trauma) or tissue trauma plus LPS injection.
One can therefore speculate that AKI induces remote
neutrophil recruitment under non-inflammatory conditions
but decreases remote leukocyte recruitment under inflam-
matory conditions. As neutrophils are crucial for control and
elimination of bacterial infections,35 our findings allow us to
hypothesize that impaired selectin-mediated integrin activa-
tion and transmigration during AKI contributes to the
increased incidence of bacterial infections in patient with AKI.
Our results have allowed us to further hypothesize that
ALRF abolishes selectin-mediated slow neutrophil rolling. To
further test this hypothesis, we studied the rolling of normal
and ALRF neutrophils in an autoperfused flow chamber
assay. Normal and ALRF neutrophils demonstrated similar
rolling velocities on P-selectin and E-selectin. ALRF neu-
trophils, however, did not display reduced rolling velocities
on P-selectin/ICAM-1 or E-selectin/ICAM-1. In the intravital
microscopy experiments, the difference in the rolling velocity
between control and ALRF neutrophils can be explained by
the fact that endothelial cells express selectins and integrin
ligands (Supplementary Figure S1 online). These data suggest
that the signaling pathway linking PSGL-1 to integrin activation
is disturbed. It has been demonstrated that this pathway is
important for Gai-independent neutrophil recruitment.
17,19,20
Leukocyte adhesion molecules, including selectins and
their ligands, have a pivotal role in leukocyte recruitment.15
Nonetheless, we could not detect changes in surface
expression of three major adhesion molecules on neutrophils.
As ALRF drastically affects selectin-dependent neutrophil
rolling, we next investigated the intracellular, selectin-
dependent signaling pathways. Both the phosphoinositide
3-kinase-g- and PLC-g2-dependent pathways and their
phosphorylation are crucial for neutrophil recruitment.19
Although we could find E-selectin-stimulated phosphoryla-
tion in normal neutrophils, we could not detect E-selectin-
stimulated phosphorylation in neutrophils isolated from
mice with ALRF. We therefore hypothesize that ALRF inhibits
selectin-mediated integrin activation by means of interfer-
ence with intracellular signaling pathways, and thereby
ultimately impairs slow neutrophil rolling.
Finally, we validated our animal data in neutrophils from
septic patients with or without AKI. AKI did not affect the
expression of PSGL-1, LFA-1, and L-selectin. Similar to our
animal data, AKI also failed to reduce neutrophil rolling
velocities on P-selectin/ICAM-1 and on E-selectin/ICAM-1 in
septic patients with AKI.
Impaired renal function during AKI results in the
retention of various non-nitrogenous and nitrogenous waste
products, metabolic acidosis, hyperkalemia, and hypervole-
mia. This is associated with other severe metabolic dis-
turbances, such as massively increased oxidative stress,
reduced adsorptive, excretory and metabolic capacity of the
kidneys, and hyperglycemia.36,37 However, the exact mechan-
ism how uremia and which toxins affect PSGL-1-mediated
signaling and transmigration is unknown.
To this end, our data show that ALRF significantly impairs
neutrophil rolling and transmigration, but not chemokine-
induced arrest, both in vivo and in vitro. These effects appear
to be, at least partially, due to decreased phosphorylation of
selectin-dependent intracellular signaling. Our data further
support the concept of AKI-induced anti-inflammatory
effects both in mice and men.
MATERIALS AND METHODS
Animals
We used C57BL/6 wild-type mice (2- to 3-month old, 20–32 g of
body weight, Charles River Laboratories, Wilmington, MA). Mouse
colonies were maintained under specific pathogen-free conditions.
All experiments were approved by local government authorities and
were in agreement with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals.
Observational study
To investigate the effect of ALRF on selectin-mediated slow
neutrophil rolling, we conducted a prospective observational study
in critically ill patients suffering from either sepsis alone or sepsis
with AKI (RIFLE-F). The study was approved by the local ethics
committee of the University of Mu¨nster (Institutional Review
Board). We obtained informed consent before enrolment. Exclusion
criteria from the study were age o18 years, pregnancy, immuno-
suppressive therapy within the last 7 days, chronic renal insuffi-
ciency, preexisting hematological diseases, and human
immunodeficiency virus infection. Sepsis was defined according to
the American College of Chest Physicians/Society of Critical Care
Medicine consensus conference definitions by infection plus two
systemic inflammatory response syndrome criteria,38 whereas AKI
was defined according to the RIFLE criteria.39
Reagents
Unlike otherwise stated, all reagents were obtained from Sigma-
Aldrich (Taufkirchen, Germany).
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Murine model of ALRF
Mice were anesthetized and ALRF was achieved, as described
previously.6 Control animals scheduled for sham operation received
the same surgical procedure, with the exception that the pedicels
were not ligated and the kidneys left in situ. We previously
demonstrated that mice developed ALRF 10 h after bilateral
nephrectomy, which was measured as a significant increase in
serum creatinine and urea nitrogen levels.6
Intravital microscopy
Ten hours after nephrectomy or sham operation, intravital micros-
copy of the cremaster muscle of the mouse was performed, as
described previously.17,19,20,40 Some mice were injected intrascrotally
with 0.5mg/kg LPS from Escherichia coli 4 h before preparation. To
investigate chemokine-induced arrest, chemokine (C-X-C motif)
ligand 1 (Peprotech, Rocky Hill, NJ) was injected intravenously after
preparing the cremaster muscle, and the number of adherent cells was
determined. The parameters of neutrophil rolling velocity and
neutrophil arrest were determined by transillumination micro-
scopy.17,19,20,40 Leukocyte rolling flux fraction was calculated as a
percentage of total leukocyte flux.26 Neutrophil transmigration was
investigated using the reflected light oblique transillumination
microscopy technique, as described previously.41
Cremaster whole-mount staining
After sham operation or nephrectomy and LPS injection, mice were
killed and the scrotum was opened to expose the cremaster muscle.
The cremaster was prepared, as described previously,42 and samples
were incubated with different antibodies (rat anti-mouse PECAM1
antibody (clone V1G5.1, a gift from D. Vestweber)), rabbit anti-
mouse MRP14 antibody (a gift from J. Roth, Mu¨nster), and rat anti-
mouse CD45-PerCP antibody (clone 30-F11, BD Biosciences,
Franklin Lakes, NJ). Samples were mounted on glass slides, and
fluorescence images were obtained with a Zeiss LSM510meta
confocal microscope (Zeiss, Oberkochen, Germany).
Autoperfused murine flow chamber
We used an autoperfused murine blood flow chamber system to
investigate the rolling velocity of neutrophils in whole blood, as
described previously.17,19,20 It has been shown that over 90% of the
rolling cells in the autoperfused flow chamber are neutrophils.43
Flow chamber experiments were performed 10 h after nephrectomy
or sham operation.
Blood-perfused human microflow chamber
We used the blood-perfused human microflow chamber assay, as
described previously.16 More than 90% of cells in the microfluidic
whole-human blood perfusion system were neutrophils.16
For some experiments, neutrophils or monocytes were isolated
from human whole blood. Monocytes were isolated from whole
blood following a previously published protocol (purity of isolated
monocytes 490%, data not shown).44 Neutrophils were isolated
from whole blood by using a histopaque gradient (purity of isolated
neutrophils 490%, data not shown).
After isolation, cells were resuspended in human control serum
or serum obtained from patients with either sepsis or sepsis-induced
AKI and incubated for 30 min. For microflow chamber experiments
with isolated neutrophils, glass capillaries were coated with E-
selectin (3.5 mg/ml), P-selectin (20 mg/ml), E-selectin/ICAM-1 (3.5/
3.5mg/ml), or P-selectin/ICAM-1 (20/5 mg/ml) for 2 h. Glass
capillaries for microflow chamber assays with isolated human
monocytes were coated with E-selectin (7.5 mg/ml), P-selectin
(50mg/ml), E-selectin/VCAM-1 (7.5/10mg/ml), or P-selectin/
VCAM-1 (50/30mg/ml) for 2 h. Chambers were blocked with casein
1% (Fisher Scientific, Waltham, MA) for 1 h.
In vitro transmigration assay
Transendothelial migration of bone marrow-derived neutrophils
through cultured endothelioma cells was performed, as previously
described.42 Briefly, a total of 5 104 bEnd.5 cells/well of 6.5-mm
transwells (Corning Life Sciences, Corning, NY), coated with 50mg/ml
laminin (Boehringer Mannheim, Mannheim, Germany), were grown
for 2 days and stimulated 16 h before the assay with interleukin-1b at
10 ng/ml (Peprotech) for 16 h. At 4 h before the experiment,
the endothelial cell layer was pretreated with plasma obtained from
mice 10 h after bilateral nephrectomy or sham-operated control mice.
After washing away the plasma, 5 105 isolated neutrophils were
added per transwell. Transmigration was allowed for 1 h. The number
of transmigrated cells in the well was counted.
FACS analysis of neutrophils from human whole blood
We analyzed the surface expression of leukocyte adhesion molecules
on human and mouse neutrophils by using FACS. Isolated
neutrophils were incubated with different antibodies (anti-human
PSGL1-antibody, clone KPL-1 (BD Biosciences); anti-human LFA1-
antibody, clone MEM-25 (ImmunoTools, Friesoythe, Germany);
anti-human L-Selectin-antibody, clone LT-TD180 (ImmunoTools);
anti-mouse macrophage antigen 1-antibody, clone M1/70 (BD
Biosciences); anti-mouse LFA-1-antibody, clone M17/4 (BD Bios-
ciences); anti-mouse PSGL-1-antibody, clone 4RB12 (a gift from D.
Vestweber) for 20 min. Samples were analyzed using a FACSCanto
flow cytometer (BD Biosciences). FACS data was processed using
FlowJo (version 7.5.5; Tree Star, Ashland, OR).
FACS analysis of endothelial adhesion molecules in the
cremaster muscle
After sham operation or nephrectomy and LPS application, the mice
were killed and the cremaster muscle was removed, minced, and
incubated with an enzyme cocktail containing DNAse, collagenase,
and hyaluronidase at 371C for 60 min. The tissue was passed
through a 70 mm cell strainer (BD Biosciences), washed, and
incubated with FC-block (clone 2.4GL) for 20 min. The cells were
stained with rat anti-mouse CD45-PerCP antibody (clone 30-F11,
BD Biosciences), rat anti-mouse CD41-PE antibody (clone
MWReg30, BD Biosciences), rat anti-mouse CD31-FITC antibody
(clone MEC 13.3, BD Biosciences), rat anti-mouse CD62P-FITC
antibody (clone RB40.34, BD Biosciences), goat anti-mouse CD31
antibody (clone M-20, Santa Cruz Biotechnology, Santa Cruz, CA),
goat anti-mouse CD54 antibody (clone M-19, Santa Cruz
Biotechnology), rat anti-mouse CD62E-Alexa-633 antibody (clone
9A9, a gift from B. Wolitzky), and Alexa-633-labeled donkey anti-
goat secondary antibody (Invitrogen, Paisley, UK). Endothelial cells
were identified by gating on CD31-positive cells and excluding
CD41- and CD45-positive cells in a second gating step.
Western blotting
For biochemical assays, isolated bone marrow-derived neutrophils
from sham mice or mice 10 h after bilateral nephrectomy were
stimulated with immobilized E-selectin, as described previously.17,19
Following stimulation, cells were lysed using RIPA buffer.17 Lysate
was boiled with Laemmli sample buffer at 951C for 10 min, run on a
10% PAGE-SDS gel, and immunoblotted with antibodies against
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Syk, Akt, phosphor-Akt, PLCg2, phospho-PLCg2, p38 MAP kinase,
and phospho-p38 MAP kinase (all from Cell Signaling Technology,
Danvers, MA). Blots were developed using the Amersham ECL Plus
detection system (GE Healthcare, Piscataway, NJ).
Statistics
Statistical analysis was performed with PASW (version 18.0, IBM,
Armonk, NY) using one-way analysis of variance, Student–New-
man–Keuls test, post hoc correction, or t-test where appropriate. All
data are represented as means±s.e.m. A P-valueo0.05 was taken as
statistically significant.
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SUPPLEMENTARY MATERIAL
Figure S1. Acute loss of renal function (ALRF) does not alter the
expression levels of adhesion molecules on endothelial cells.
Figure S2. ALRF and sepsis-induced acute kidney injury do not alter
the expression levels of adhesion molecules on mouse and human
neutrophils.
Figure S3. Densitometric analysis of immunoprecipitation and
western blot assays shown in Figure 6c.
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